INTRODUCTION
Titanium implants are being used increasingly to provide support for prostheses replacing missing teeth in edentulous and partially dentate patients. There is good histological evidence to show that in satisfactory implants bone forms in intimate contact with the implant surface during the healing process following fixture placement [1] . Currently, fixtures are left unloaded for a period of3-6 months following placement in order to allow this healing process to occur. It would be very valuable to be able to monitor the healing process non-invasively in order to determine more accurately when it is safe to load the implant. Similarly, during service, it would be beneficial to be able to detect the onset of problems such as an increase in the mobility of the implant due to infection, or to a decrease in the height of the bone surrounding the implant.
Radiography is the most accurate non-invasive method currently available to assess the quality of the implant/tissue interface [2, 3] . However, it is difficult to obtain results which are reproducible to the degree of accuracy required. Attempts have been made to use the characteristics of an impact between a striker and the implant abutment to monitor the implantlbone interface [4] . The instrument used comprises a handpiece containing a slug which is accelerated towards a tooth by an electromagnet; the contact duration of the slug on the tooth is measured using an accelerometer. It may readily be shown [5] that this contact duration is related to the stiffuess of the body being struck. However, there is little evidence to suggest that this method is sufficiently sensitive and reproducible to monitor the changes in bone formation during healing at the implant/tissue interface.
An alternative technique [6, 7] is to screw a beam into the implanted fixture and to measure the first flexural resonance frequency of the resulting system. This resonance frequency will be affected by both the exposed length of fixture and the stiffuess of the interface between the implant and the bone. If the exposed length of the fixture increases due to, for example, bone loss, the effective length of the beam is increased and the resonance frequency is reduced. The resonance frequency is also reduced if the stiffuess of the interface between the bone and the implant decreases. Hence, monitoring the resonance frequency provides a means of assessing the integrity of the implant system. When the fixture is first placed in the patient, the test beam can be screwed directly to the top of the fixture. However, in normal use, the top ofthe fixture itself is beneath the soft tissues and a trans-mucosal abutment (TMA) is attached to the top of the fixture. The TMA protrudes above the tissues and the prosthesis is attached to it. Therefore for regular monitoring of the implant, it is necessary to attach the beam to the TMA, rather than directly to the fixture. This does not affect the principle of the method, though it does affect the absolute values of the measured resonance frequencies.
In order to carry out clinical trials of the method, it was necessary to design a suitable test beam. This had to provide sufficient sensitivity to the stiffness changes which must be detected, while being simple to secure to the implantITMA in all regions of the jaw. It is also important that it give a clear, unambiguous vibration response with well separated modes to avoid possible misinterpretation. This paper outlines the design and the problems encountered.
Clinical trials were carried out at each stage of the transducer development; until the final design described here was complete most of the clinical work was concerned with checking the operation of the transducer, and obtaining an indication of how the resonance frequency varied with osseointegration, rather than carefully controlled longitudinal or cross-sectional studies. Following the completion of the design, a full clinical trial is currently in progress. All trials had the approval of the relevant ethics committee (United Bristol Hospitals Trust, Reference E3702 in UK and University of Gothenburg in Sweden). The purpose of this paper is to describe the mechanical design of the transducer, rather than to discuss the clinical results. Details of the early clinical work can be found in [6, 8, 9] ; the major trial currently in progress will be completed in the latter half of 1998 and will then be reported.
INITIAL DESIGN
The design used in the initial tests of the method is shown in Figure 1 . The transducer is secured to the top of the fixture via a small screw passing through the hole at the left of the drawing. It has been shown [6] that above a modest value, the influence of the tightening torque applied to the screw on the measured resonance frequency is very small, so torque variations do not significantly affect the measurements. Excitation is provided via a piezoelectric strain gauge attached to one face of the beam element, the response being measured by an identical gauge attached to the opposite face. Sinusoidal excitation was employed, a 1 V output from a Solartron 1255 Frequency Response Analyser (FRA) being used to drive the excitation transducer. The response signal was amplified by a charge amplifier and its amplitude and phase relative to the excitation signal were measured by the FRA. (In later tests, this equipment was replaced by a single, custom built instrument.) The resonance frequency could then be found either directly from a Bode plot of amplitude versus frequency or, more accurately, via a standard circle fit analysis of a Nyquist plot [10] . Figure 2 shows a typical Bode plot obtained when the transducer was attached to an implant secured in an aluminium block. Initial clinical trials [6] were very successful, so it was decided to continue the project and to optimize the transducer design.
The sensitivity of the resonance frequency to exposed fixture height was determined by manufacturing an aluminium block in which fixtures were mounted with different lengths of fixture exposed above the surface. This provided a simulation of the effect of bone loss from the top the fixture which sometimes occurs in clinical practice. Each fixture was screwed into a pre-tapped hole with epoxy adhesive on the threads to ensure that no movement of the fixture occurred during testing. Figure 3 shows the relationship between resonance frequency and exposed fixture height which indicates good sensitivity to the simulated bone loss.
Unfortunately, while most tests were satisfactory, in a few cases both in-vitro and invivo a clear double resonance occurred as shown in Figure 4 . This would cause serious Figure 3 . Variation of resonance frequency with exposed fixture length in-vitro.
problems since in clinical use an automatic resonance search algorithm will be used and there is a danger that the wrong resonance will be selected. It was therefore necessary to investigate the source of the second mode.
SOURCE OF DOUBLE RESONANCE
The resonance frequencies and corresponding mode shapes of the original transducer shown in Figure 1 were investigated using finite element analysis and the first two mode shapes are shown in Figure 5 . For convenience, the base of the transducer was modeled as a square, rather than circular, section and the hole for the screw was ignored. However, these minor changes are unlikely to affect the results significantly. The mode shapes of Figure 5 were obtained with the base completely clamped.
The beam element in the original transducer had dimensions L= 13 mm, b = 4 mm and d = 2.75 mm (see Figure 1 ). The bid ratio was chosen so that the resonance frequencies of the beam bending about its major axes would be well separated; for a uniform beam the ratio is simply given by bid (= 1.45 for the chosen dimensions). Figures 6a and 6b show the variation of the ratio of the first mode frequency of the complete transducer to the second mode frequency with beam thickness and beam length respectively. It can be seen that the difference between the two frequencies is less than 10% with the chosen beam dimensions. This is because the lower limb of the transducer through which the screw is passed effectively increases the length of the beam in the second mode ( Figure 5b ) but has much less effect on the first mode ( Figure 5a ). However, the existence of two modes does not necessarily mean that both will be excited, nor does it explain why the double resonance was seen when the same transducer was attached to some fixtures but not when it was placed on others. The excitation and response transducers were placed to excite the first mode shown in Figure 5a , but it has been shown [11] that asymmetry in the clamping of the transducer base can change the mode shapes and allow both modes to be excited and received by the attached piezoelectric transducers. Some asymmetry could be caused by, for example, changes in the bone stiffness as a function of orientation, or to the fixture not being placed centrally in the hole drilled in the bone. Figure 6 shows that a simple way to increase the separation between the modes is to decrease the thickness of the beam. This will reduce the frequency of the mode shown in Figure 5a much more than that shown in Figure 5b . A transducer with a 1 mm thick beam was used in subsequent clinical trials and performed very satisfactorily, no double resonances being observed.
NEW DESIGN
Having shown that the double resonance problem could be overcome, it was then necessary to consider the sensitivity of the transducer to the exposed fixture length and to the integration of the fixture with the bone. It was realized that rotating the beam element of the transducer through 90 0 giving the configuration shown in Figure 7 would probably make little difference to the performance of the transducer but would significantly reduce the machining costs associated with its manufacture. This idea was therefore investigated.
In order to obtain more realistic estimates of the sensitivity and mode separation likely to be obtained in clinical practice, a more refined model was used. The transducer was modeled as before, but instead of grounding the base, the transducer was extended downwards to represent the trans-mucosal abutment (TMA) and the fixture. The fixture in turn was embedded in a material whose elastic modulus was varied to represent different degrees of bone quality and/or osseointegration. Figure 8 shows the predicted ratio of the first resonance frequency to the second resonance frequency as a function of the modulus of the embedding material for the 2.75 and 1.0 mm thicknesses of the original transducer design (Figure 1) tested earlier, together with those for 1.0 and 1.4 mm thicknesses of the new design (Figure 7) . The length of all the beams was 13.0 mm. (These are the mode separation curves which show a falling trend with support material modulus.) A typical cortical bone modulus is in the region 10-15 GPa [12] so it is important that there is good separation between the frequencies in this stiffness range. As in the previous predictions, the 1.0 mm thick original design shows a big improvement over the 2.75 mm version; the performance of the 1.0 mm thick new design is very similar to that of the old design of the same thickness, while the 1.4 mm thick new design gives intermediate results. Figure 8 also shows the first resonance frequency (the mode of interest) for each beam as a function of the modulus of the material in which the fixture is embedded, the frequency being normalized to the value obtained when the embedding material has infinite stiffness, i.e. the fixture is rigidly clamped. (These are the sensitivity to stiffuess curves which show a rising trend with support material modulus.) In this instance it is desirable for the resonance frequency to show high sensitivity to the embedding material stiffuess over the range of stiffuesses likely to be encountered in clinical practice. This means that the gradient of the sensitivity to stiffuess curve should be maximized over the stiffuess range of interest. It is clear that there is a trade-off between sensitivity and mode separation, the 2.75 mm thick transducer showing the best sensitivity over the range of interest but poor mode separation, and the 1 mm thick transducers of the two designs showing poorer sensitivity but good mode separation. The performance of the 1.4 mm thick transducer gives a compromise between the two performance criteria. Figure 8 . Sensitivity to embedding material stiffness and ratio of first mode to second mode resonance frequencies as a function of support material modulus for different transducer designs. Table 1 shows the predicted reductions in the first mode resonance frequency of each transducer as the height of the embedding material is reduced from 8 mm to 6 mm and 4mm, with the embedding material modulus fixed at 10 GPa and the lengths of the fixture and TMA remaining constant. This indicates the sensitivity of each transducer design to bone loss from the top of the fixture. Again, the sensitivity increases with the thickness of the transducer.
The results of Figure 8 and Table 1 therefore suggest that the design of Figure 7 with a thickness of 1.4 mm would be a satisfactory compromise between sensitivity and mode separation. A transducer was made to this design and in general it performed well, but double resonances were seen on a few fixtures placed in substrates which were known to be highly asymmetric. It was also found that slight asymmetry in the attachment of the leads to the piezoelectric strain gauges could lead to the reappearance of double modes. It Table 1 . Predicted reduction in first resonance frequency as exposed fixture length increased by 2 mm and 4 mm. (Depth of embedding material reduced from 8 mm to 6 mm and 4 mm respectively.)
is likely that these problems could be overcome, but for the first major clinical trial involving longitudinal studies on many patients it was decided to use a 1 mm thick design of the type shown in Figure 7 . Initial results have been very promising, no lack of sensitivity being observed.
CONCLUSIONS
A beam-like transducer to monitor the integrity of dental implants has been designed. The resonance frequency of the first mode of the transducer is reduced if the bone recedes from the top of the implant, or if the integration of the implant with the jaw bone is not satisfactory. It has been shown that the sensitivity of the transducer resonance frequency to these changes increases as the thickness of the beam increases. Unfortunately, however, as the thickness increases, the separation between the first two resonance frequencies of the transducer decreases which tends to lead to more complicated frequency response functions which are difficult to interpret reliably. The final design is a compromise between these conflicting requirements.
